Molecular and cytological mechanisms concerning the effects of nitrogen on wheat (Triticum aestivum L.) storage protein biosynthesis and protein body development remain largely elusive. We used transcriptome sequencing, proteomics techniques, and light microscopy to investigate these issues. In total, 2585 differentially expressed genes (DEGs) and 57 differentially expressed proteins (DEPs) were found 7 days after anthesis (DAA), and 2456 DEGs and 64 DEPs were detected 18 DAA after nitrogen treatment. Gene ontology terms related to protein biosynthesis processes enriched these numbers by 678 and 582 DEGs at 7 and 18 DAA, respectively. Further, 25 Kyoto Encyclopedia of Genes and Genomes pathways were involved in protein biosynthesis at both 7 and 18 DAA. DEPs related to storage protein biosynthesis contained gliadin and glutenin subunits, most of which were up-regulated after nitrogen treatment. Quantitative real-time PCR analysis indicated that some gliadin and glutenin subunit encoding genes were differentially expressed at 18 DAA. Structural observation revealed that wheat endosperm accumulated more and larger protein bodies after nitrogen treatment. Collectively, our findings suggest that nitrogen treatment enhances storage protein content, endosperm protein body quantity, and partial processing quality by altering the expression levels of certain genes involved in protein biosynthesis pathways and storage protein expression at the proteomics level.
Introduction
Wheat (Triticum aestivum L.) is the most widely cultivated cereal crop and provides >20% of calories consumed worldwide (Braun et al., 2010) . Wheat seeds are composed of embryo, starchy endosperm, and bran, comprising an aleurone layer, seed coat, and pericarp (Tosi et al., 2011; Wu et al., 2011) . The main storage substances in wheat seeds are starch (70-80% dry weight) and protein (10-15% dry weight; Tasleem-Tahir et al., 2012) . Wheat seed protein comprises two categories: non-prolamins, including albumins and globulins; and prolamins, including monomeric gliadins and polymeric glutenins Zhang et al., 2015) . Albumins and globulins are soluble proteins containing various enzymes and inhibitors; they play important roles in wheat growth and seed development .
Gliadins and glutenins are storage proteins that accumulate in endosperm organelles, protein bodies (PBs) derived from the rough endoplasmic reticulum (RER), and protein storage vacuoles (PSVs) during wheat seed development (Levanony et al., 1992; Chen et al., 2014) . Based on their electrophoretic mobility, gliadins are divided into α/β, γ, and ω gliadin (Zhang et al., 2012) . Glutenin comprises different types of high molecular weight glutenin subunits (HMW-GS) and low molecular weight glutenin subunits (LMW-GS), categorized according to their respective mobility on SDS-PAGE . LMW-GS can be divided into B, C, and D subunits. These are encoded by the Glu-A3, Glu-B3, and Glu-D3 loci on the short arms of chromosomes 1A, 1B, and 1D, respectively (Zhen et al., 2014) . The content and ratio of gliadins and glutenins are closely associated with dough viscoelastic properties and ultimately affect the rheological and processing properties of wheat flour because gliadins and glutenins have different effects on flour quality (Song and Zheng, 2007) . Gliadins have a decisive role in enhancing viscosity by conferring extensibility, while glutenins contribute to strength by providing elasticity (Plessis et al., 2013) .
The total protein content of wheat seeds is affected by genetic and environmental factors. Environmental factors have a greater influence than genetic factors on protein content (Wan et al., 2013) . In plants, essential nutrient elements such as nitrogen are an important factor limiting plant growth and grain yield. When wheat is grown under different nitrogen fertilization conditions, protein content varies up to nearly 2-fold (Godfrey et al., 2010) . Gliadins and glutenins display different responses to nitrogen, with gliadins increasing disproportionally, affecting dough extensibility (Kindred et al., 2008; Zhu and Khan, 2001 ). Wan et al. (2013) indicated that the relative expression of the γ-gliadin gene differed under different nitrogen fertilization levels and at various developmental stages. Relative gene expression was significantly higher with 200 and 350 kg/ha nitrogen fertilization compared with 100 kg/ha nitrogen fertilization. Xiong et al. (2014) reported that nitrogen treatment at the booting stage increases the number and relative area of PBs in soft and hard wheat endosperm.
Several conserved cis-motifs on storage protein gene promoters have been identified in rice (Oryza sativa L.), barley (Hordeum vulgare L.), and wheat, and the corresponding transcription factors interacting with these cis-motifs have been characterized (Colot et al., 1989; Zheng et al., 1993) . There is a complex regulatory network comprising a synergetic interaction of cis-motifs and transcription factors that may function to activate storage protein genes (RubioSomoza et al., 2006) . Storage protein biosynthesis is generally accepted to be regulated at the transcriptional level (Verdier and Thompson, 2008) . Some genes are not directly involved in storage protein gene expression but may influence storage protein biosynthesis, such as those encoding glutamate synthetase, glutamine synthase, and other nitrogen assimilation enzymes (Habash et al., 2009; Hirel et al., 2007) . Amino acid utilization efficiency in protein translation may also directly affect the amount of storage protein (Weber et al., 2010) .
Transcriptomic and proteomic analyses have been widely used to investigate the storage substance accumulation mechanism during wheat caryopsis development (Dupont, 2008; Howarth et al., 2008; Wan et al., 2008) . However, very little transcriptomic and proteomic information exists regarding how nitrogen affects storage protein biosynthesis, PB accumulation, and ultimately dough properties in wheat. In this study, wheat was treated with nitrogen, and certain genes related to storage protein biosynthesis were identified. Further, storage proteins, including gliadin and glutenin subunits, which are differentially regulated by nitrogen treatment, were screened out by isobaric tags for relative and absolute quantitation (iTRAQ) technology. This comprehensive transcriptomic and proteomic analysis may provide some useful information about the management of wheat fertilization and further our understanding of the molecular mechanism of storage protein biosynthesis and quality change in response to nitrogen.
Materials and methods

Plant material and nitrogen treatment
The high-yield wheat cultivar Yangmai 13 that was used in this study was provided by the Lixiahe Agricultural Research Institute (Yangzhou, China) and was grown in an experimental field of Yangzhou University (32°39ʹN, 119°42ʹE), Key Laboratory of Crop Genetics and Physiology of Jiangsu Province, from October 2014 to May 2015. The soil contained 24.5 g kg −1 organic materials and 106, 33.8, and 66.4 mg kg −1 of available N, P, and K, respectively. The average annual temperature in this region was 15.2 °C and the annual rainfall was 961-1048 mm (Yu et al., 2015) .
Approximately 150 kg/ha calcium superphosphate and potassium sulfate were added to the soil before plowing. The experimental field was divided into six test plots (2 m × 3 m per plot) with each plot separated by a plastic plate that was inserted into the soil to a depth of 30 cm. The control group (CG) and nitrogen treatment group (NTG) both comprised three independent test plots. Wheat seeds were sowed in the field with 30 cm row spacing. At the seeding stage, thinning out was conducted to maintain the planting density at 2 400 000/ha (1440 seedings per plot).
Urea (46.67% N) was used as a nitrogenous fertilizer for performing the nitrogen treatment experiment. For the experiment, 240 kg N/ha was divided into two parts: half was directly mixed into the soil combined with calcium superphosphate and potassium sulfate before plowing, and the other half was dissolved in water and applied to the soil at the booting stage. For the CG, no additional nitrogen was applied to the soil during the whole growth period. During anthesis, individual florets were marked with a pen at the spikelet bases (middle of the spikes) and whole plants were tagged with a marker card so that accurate anthesis dates could be determined.
The developing wheat caryopses that had been marked previously were collected from three replicate plots at 7 and 18 days after anthesis (DAA). The collection contained 120 wheat caryopses peeled from 20 wheat spikes (six caryopses per spike) for each individual plot. At the time of collection, the samples were immediately placed in liquid nitrogen for 30 min, and then transferred into storage at −70 °C until RNA sequencing (RNA-Seq) and iTRAQ analysis.
Structural observation and protein content determination
Wheat caryopses were collected at 7 and 18 DAA and cut transversely into 2 mm slices from the center. The slices were immediately soaked in a 2.5% glutaraldehyde fixative at 4 °C for 4 h and then washed three times in sodium phosphate buffer (pH 7.2) for a total of 30 min (10 min each time). Samples were fixed in 0.5% OsO 4 for 3 h until they became black in color. Afterwards, the samples were washed, dehydrated, infiltrated, and embedded according to the resin embedding method of Xiong et al. (2013) .
For structural observation, the embedded samples were cut into 1 μm slices using an Ultracut R ultramicrotome (Leica, Germany). The 1 μm-thick slices were dyed with 0.5% methyl violet for 10 min at room temperature, and photographed under a DMLS light microscope (Leica, Germany). The region from the wheat transverse sections photographed was in the central endosperm. Each sample contained three individual replicate caryopses.
To determine protein content, wheat caryopses were collected at 7, 18, and 48 DAA and dried to a constant weight in a drying oven (42 °C). Samples were completely ground in a mortar and filtered through 100-mesh screens. In total, 200 mg powder was mixed with 2 ml distilled water, blended for 15 min at 25 °C, and then centrifuged at 766 g to remove albumin. Precipitates were resuspended with 2 ml 10% NaCl and blended at 25 °C for 5 min to remove globulin. After centrifugation (766 g for 15 min), the supernatant was discarded and the precipitate was resuspended with 70% ethyl alcohol and placed in a constant-temperature shaking water bath for 30 min at 80 °C. After centrifugation (766 g for 15 min), the supernatant, which contained gliadin, was collected and the precipitate was resuspended with 0.2% NaOH, shaken for 5 min, and then centrifuged at 766 g for 15 min to extract glutelin. The extraction steps for albumin, globulin, gliadin, and glutelin were repeated four times. Nitrogen content (%) in the supernatant was determined with a FOSS Kjeltec 8400 Analyzer Unit (Hoganas, Sweden). Protein content (%) was calculated using the nitrogen content value and multiplying it by the coefficient of 5.7. There were three independent biological determinations for each sample.
Determination of wheat flour processing quality
Wheat caryopses were harvested at 48 DAA and dried to a constant weight at 42 °C. The caryopses were ground in a Quadrumat Junior experimental flour mill (Brabender, Germany) and the powder was filtered through 100-mesh screens used for processing quality analysis. The water content of the wheat flour was determined at 130 °C for 40 min. The dry gluten and wet gluten contents were obtained using a 2200 gluten washing instrument (Perten, Switzerland) following the Chinese standard GB/T14607-93\GB/T14608-93. Gluten index was determined with a 2015 centrifuge (Perten, Switzerland) equipped with a gluten sieve. The water absorption, formation time, and stability time were analyzed on a FARINOGRAPH-E farinograph (Brabender, Germany). The peak time, peak height, and bandwidth parameters were obtained using a 10 g mixograph system (National, USA) following the AACC54-40 method. Each measurement comprised three duplicate values.
RNA extraction, cDNA synthesis, PCR amplification, and sequencing Total RNA was extracted from wheat caryopses at 7 and 18 DAA in CG and NTG using a total RNA kit (Tiangen, Beijing, China) according to the manufacturer's instructions. Genomic DNA in the samples was removed using RNase-free DNase (Promega, Madison, WI, USA). The mRNA samples were enriched by using oligo (dT)-magnetic beads and then cut into fragments with fragmentation buffer at 80 °C. First-strand cDNA was synthesized using the fragments as templates. Second-strand cDNA was synthesized from first-strand cDNA using RNase H, DNA polymerase I, and dNTPs. After purification and terminal repair, double-stranded DNA poly A and adaptor sequences were connected to the cDNA end. cDNA libraries were constructed by PCR amplification after selecting for fragment size and undergoing a quality check with an Agilent 2100 Bioanalyzer system. Finally, the qualified cDNA libraries were sequenced with an Illumina HiSeq 2500 system at Oe Biomedical Science and Technology Co., Ltd. (Shanghai, China).
Bioinformatic analysis of RNA-Seq data
Clean reads were obtained from the raw reads after filtering out low-quality reads (quality threshold <20, length threshold <35 bp). The clean reads were matched to the T. aestivum cDNA database from ensemblgenomes (ftp://ftp.ensemblgenomes.org/pub/ release-24/plants/fasta/triticum_aestivum/cdna/Triticum_aestivum. IWGSP1.24.cdna.all.fa.gz, released on 24 October 2014) using Tophat/bowtie2 software. Transcript expression was carried out when the distribution and degree of coverage passed quality controls for alignment. Differentially expressed genes (DEGs) were screened using a 2-fold change at the P<0.05 level. There are two standards in the comparative analysis of RNA-Seq data between two samples. One is the FoldChange, that is, the same Unigene expression levels in two samples. The other is P-value or FDR (padjust). The first method for calculation of the FDR value is to calculate the P-value of each Unigene first, followed by conducting the multiple hypothesis test calibration for P-value using the FDR error control method. The default screening differential gene condition is P<0.05.
Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were performed to investigate DEG functions. The fragments per kb per million reads (FPKM) value was calculated using the following equation and was considered as the gene expression level of samples.
FPKM
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Sample preparation and iTRAQ labeling Wheat caryopses at 7 and 18 DAA in CG and NTG were immediately separated from the growing plant and stored in liquid nitrogen for 30 min. Protein was extracted with NitroExtraTM (Cat. PEX-001-250ML, N-Cell Technology). Proteins were precipitated with three times the volume of cold acetone at −20 °C for 10 h. Protein samples were desalted using a C18 column and then dried in a spin vacuum. The desalted peptides (100 μg) were labeled with iTRAQ 4-plex reagent (4352135) in 100 mM TEAB according to the manufacturer's instructions. Isopropanol was added to each iTRAQ reagent tube and each reagent tube was combined together and fully mixed by vortexing. These fractions were desalted using ZipTip (Cat. ZTC18S960, Millipore) and dried in a spin vacuum.
LC-MS/MS analysis
Samples were analyzed by nanoLC-MS/MS using an Eksigentekspert nanoLC 425 system coupled to an AB Sciex TripleTOF 6600 System. After each sample was added, the peptide was captured and eluted on to a reverse-phase C18 column. Advanced information-dependent acquisition was used for MS/MS collection on the TripleTOF 6600 to obtain MS/MS spectra for the 20 most abundant and multiple charged (z=2, 3, or 4) following each survey MS1 scan, typically allowing 250 ms acquisition time for each MS/MS. Dynamic exclusion was set for 30 s after two repetitive occurrences.
iTRAQ data analysis Raw data were processed with OpenMS software and searched against the SwissProt and common MS contaminant database using Mascot Software. The error tolerance for MS1 was 50 ppm and for MS2 50 mmu. Caramidomethylation (+57 Da) was added as a fixed modification while iTRAQ 4-Plex (K/N) and Oxidation (M) were added as variable modifications. The ratio of each protein is given by the geometric mean of the protein ratios measured from all replicates. Student's t-test was used to analyze the significance of protein geometric ratios, and the Benjamini-Hochberg multiple hypothesis test correction was employed to correct the P-values. Differentially expressed proteins (DEPs) were screened out using 1.5 normalized protein geometric ratios at a P<0.05 level with 5% FDR correction.
qRT-PCR analysis of storage protein genes
The quantitative real-time polymerase chain reaction (qRT-PCR) validation was performed using an ABI 7300 Real-Time PCR System (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's instructions. The primers used in this study are listed in Table 1 . Unigene cluster Ta54825, one of the most stable genes in wheat (Paolacci et al., 2009) , was used as an internal control for normalization of relative gene expression. The primer pairs of Ta54825 were F: 5′-TGACCGTATGAGCAAGGAG-3′ and R: 5′-CCAGACAACTCGCAACTTAG-3′. The PCR was performed on a Mx3000P fluorescence quantitative PCR instrument (Agilent) using the following conditions: 10 min at 95 °C, 30 s at 95 °C, and 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and 72 °C for 30 s, in a 96-well optical reaction plate (Bio-Rad Laboratories, USA). Relative gene expression levels were calculated using the ΔΔ Ct method (Pfaffl, 2001) . The result for each gene expression level was the mean of three independent replicates.
Results
Illumina high-throughput sequencing
In this study, 71 742 376, 73 876 528, 79 522 994, and 85 035 120 raw reads were obtained from four wheat caryopsis samples, that is, CG at 7 DAA (CG7), NTG at 7 DAA (NTG7), CG at 18 DAA (CG18), and NTG at 18 DAA (NTG18) ( Table 2 ). The average length of each raw read was 125 bases. After strict quality control assessment and data filtering, low-quality raw reads (quality threshold <20, length threshold <35 bp) were filtered out from the groups of raw reads. In total, 71 464 676, 73 602 900, 79 195 882, and 84 646 846 clean reads from the four samples, respectively, were obtained and selected for further data analysis.
Each clean read was aligned to reference sequences in the databases; alignment results, containing total mapped, multiple mapped, uniquely mapped, and reads mapped in proper pairs, are shown in Table 2 . Respectively, 76.66%, 78.12%, 63.81%, and 61.32% clean reads were successfully mapped to reference genomes, and 80.15%, 79.83%, 47.51%, and 45.69% clean reads were successfully mapped to reference genes. It is worth noting that the percentage of mapped reads in wheat caryopsis at 7 DAA was higher than that at 18 DAA.
Differentially expressed genes
The FKPM values of each gene are shown in Fig. 1 and Supplementary Table S1 at JXB online. No obvious differences in gene expression were found in wheat caryopsis between CG and NTG; however, gene expression at 7 DAA was higher than that at 18 DAA. The Venn diagrams presented in Fig. 2 represent the sample-specific and gene overlap between CG and NTG. At 7 DAA, there were 3068 and 3139 specific genes expressed in CG and NTG, respectively, and a total of 55 360 overlap genes (i.e. genes expressed in both CG and NTG) were expressed at this stage. At 18 DAA, 3829 and 4441 specific genes were expressed in CG and NTG, respectively, and the number of overlap genes was 48 754. The results show that nitrogen treatment affected the gene expression level, generating many sample-specific genes.
DEGs were screened out using 2-fold change as a basis of P<0.05 (Fig. 3, Supplementary Table S2 ). The results show that 986 DEGs were up-regulated and 1599 DEGs were down-regulated at 7 DAA (Supplementary Table S2A ), whereas 1314 DEGs were up-regulated and 1142 DEGs were down-regulated at 18 DAA after nitrogen treatment (Fig. 3 , Supplementary Table S2B ).
GO analysis
To gain more insights about DEGs, GO enrichment analysis was also implemented. Based on GO annotations, all GO terms could be classified into three categories: biological processes, cellular components, and molecular function. The GO enrichment results are shown in Supplementary Table S3 . After nitrogen treatment, 915 and 1224 GO terms were searched for at 7 and 18 DAA, respectively (Supplementary Table S3A and B). At 7 DAA, there were 490, 97, and 328 GO terms in the biological processes, cellular components, and molecular function categories, respectively (Supplementary Table S3A ). At 18 DAA, there were 652, 155, and 417 GO terms in the respective categories (Supplementary Table S3B ). In order to reveal the effect of nitrogen treatment on protein biosynthesis in the two developmental stages under study, we selected certain GO terms that might be involved in protein biosynthesis process by using nine keywords [transcription, mRNA, translation, ribosome, tRNA, amino acid, protein, endoplasmic reticulum (ER), and Golgi]. These keywords covered the important processes and organelles from genetic information transcription to protein processing and transport. The screened GO LMW-GS, low molecular weight glutenin subunit; HMW-GS, high molecular weight glutenin subunit; MW, molecular weight.
terms at 7 and 18 DAA are shown in Supplementary Table  S3C and D, respectively. The number of GO terms related to these keywords are shown in Fig. 4 . Not surprisingly, the largest number of GO terms related to proteins and the smallest number related to ribosomes; this was true at both 7 and 18 DAA. The number of GO terms that overlapped is also shown in Fig. 4 and Supplementary Table S3E . The number of GO terms that overlapped between NTG7/CG7 and NTG18/CG18 was fewer than the number common to NTG7/ CG7 or NTG18/CG18, except for the mRNA and translation Clean reads are reads after filtering out the low-quality reads from the raw reads. Clean reads are then selected for matching with reference genome and gene databases from http://ensemblgenomes.org. terms. DEGs enriched in the abovementioned nine types of GO terms are listed in Supplementary Table S3F and G. In total, 238 up-regulated and 440 down-regulated DEGs were enriched in these GO terms at 7 DAA, and 335 up-regulated and 247 down-regulated DEGs were enriched at 18 DAA. The description and function of these DEGs are shown in Supplementary Table S3F and G. These DEGs contained various functions. For instance, MNS4 is involved in N-glycan processing; Cog3 is involved in ER-Golgi transport; and glnD plays an important role in nitrogen fixation regulation and metabolism. Furthermore, we screened 46 genes that were differentially expressed at 7 and 18 DAA after nitrogen treatment in these GO terms (Supplementary Table S3H ). These DEGs are involved in various functions, such as the RNA silencing pathway (RDR3), the 40S ribosomal protein S3-1 (RPS3A), and N-glycan processing (MNS4).
KEGG pathway analysis of DEGs
Various DEGs were enriched in 225 and 226 significant KEGG pathways in NTG7/CG7 and NTG18/CG18, respectively. The significant KEGG pathway terms aligned to plant databases are listed in Supplementary Table S4 . The most significant pathways were phenylalanine metabolism (ko00360) in NTG7/CG7 and terpenoid backbone biosynthesis (ko00900) in NTG18/CG18 (Supplementary Table  S4A and B). We screened 25 KEGG pathways that might be involved in protein biosynthesis processes, from transcription to protein processing. These 25 pathways contained protein processing in ER, N-glycan biosynthesis, RNA transport, and protein export. The numbers of DEGs enriched in these pathways are shown in Fig. 5 . Abundant DEGs were significantly enriched in protein processing pathways in ER, ribosome, RNA transport, ubiquitin-mediated proteolysis, and the mRNA surveillance pathway.
The description and function of DEGs in these pathways are shown in Supplementary Table S4C and D. The DEGs were involved in various biological processes, such as N-glycan processing (MSN4), 60S ribosomal subunit synthesis (nop56), and E3 ubiquitin-protein ligase SINAT5 synthesis (SINAT5). In these pathways, we found 15 genes that were differentially expressed at both 7 and 18 DAA after nitrogen treatment (Supplementary Table S4E ). These DEGs were involved in protein biosynthesis processes. For example, PAL encodes a key enzyme of plant metabolism catalyzing the first reaction in the biosynthesis from L-phenylalanine of a wide variety of natural products based on the phenylpropane skeleton. MSN4 is involved in N-glycan processing. ABH1 is the component of the cap-binding complex that binds cotranscriptionally to the 5ʹ-cap of pre-mRNAs, and is involved in various processes such as pre-mRNA splicing and RNAmediated gene silencing (RNAi) by microRNAs (miRNAs).
The FPKM values of these 15 DEGs and 46 DEGs screened from the GO analysis are shown in Fig. 6 . In total, 35 DEGs were up-or down-regulated at both 7 and 18 DAA after nitrogen treatment (indicated by an asterisk in Fig. 6 ).
In addition, we found five DEGs that overlapped between the KEGG and GO analysis results, namely, MNS4, ABH1, UBA3, RPS3A, and UBICEP52-7. Of these, UBA3 activates ubiquitin by first adenylating its C-terminal glycine residue with ATP and thereafter linking this residue to the side chain of a cysteine residue in E1, yielding a ubiquitin-E1 thioester and free AMP; and UBICEP52-7 exists either covalently attached to another protein, or unanchored. Further, we searched four DEGs at 7 DAA and 18 DAA after nitrogen treatment, and these DEGs were found to be directly involved in PSV formation processes (Supplementary Table S4F ). For example, the gene (id: Traes_6DL_659014784.1) is involved in the breakdown of propeptides of storage proteins in PSVs. RMR1 is involved in the trafficking of vacuolar proteins; its function probably is as a sorting receptor for protein trafficking to the PSV by binding the C-terminal vacuolar sorting determinant of vacuolar-sorted proteins.
qRT-PCR validation of five overlapped DEGs screened by GO and KEGG analysis
The relative expression of the above five DEGs, MNS4, ABH1, UBA3, RPS3A, and UBICEP52-7, was analyzed by qRT-PCR. These five genes were considered to play important roles in protein biosynthesis and were differentially expressed at both 7 and 18 DAA after nitrogen treatment. The FPKM values and relative expression levels of these genes are shown in Fig. 7 . For the majority of these genes, the expression trend showed consistent results between the FPKM value and relative expression level (Fig. 7A-E) . For example, ABH1 showed a down-regulated trend at 7 DAA and an up-regulated trend at 18 DAA after nitrogen treatment, as determined by RNA-Seq and qRT-PCR (Fig. 7B) . However, for some genes the FPKM value was inconsistent with the relative expression level, including MSN4 at 7 DAA, UBA3 at 7 DAA and RPS3A at 18 DAA (Fig. 7A, C , and E).
Storage protein content and PB accumulation in wheat caryopsis
To better observe storage protein accumulation features in wheat caryopsis after nitrogen treatment, resin slice structure observations were performed. Microstructural photographs are presented in Fig. 8 . At 7 DAA, endosperm cells contained sparse small starch granules and no PBs were observed in CG (Fig. 8B, C) . After nitrogen treatment, small PBs appeared in the endosperm cells (Fig. 8D, E) . At 18 DAA, endosperm cells were highly filled with starch granules and PBs. Compared with the CG, there appeared to be more and larger PBs aggregated in endosperm cells in NTG (Fig. 8F,  G, H, I ). Additionally, we found no remarkable changes in caryopsis profiles at 7 and 18 DAA after nitrogen treatment (Fig. 8A) .
The gliadin, glutenin, and storage protein contents at different developmental stages were determined (Table 3) . At 7 DAA, no glutenin was detected in either CG or NTG. No significant difference in gliadin and storage protein content was found between CG7 and NTG7. At 18 DAA, nitrogen treatment significantly increased the gliadin and glutenin content, and therefore enhanced the storage protein content. At 48 DAA, gliadin, glutenin, and storage protein contents were significantly increased by nitrogen treatment.
Identification of DEPs by iTRAQ
DEPs in wheat caryopsis at 7 and 18 DAA after nitrogen treatment were identified by iTRAQ (Fig. 9 ). There were 24 DEPs up-regulated and 33 DEPs down-regulated at 7 DAA after nitrogen treatment. There were 32 DEPs up-regulated and 32 DEPs down-regulated at 18 DAA after nitrogen treatment. Information regarding the protein description, sequence, isoelectric point (pI), and molecular weight (MW) is presented in Supplementary Table S5 . At 7 DAA, the three greatest differences in up-regulated DEPs were the LMW-GS group 4 type II, γ-gliadin, and avenin-like b4. The greatest down-regulated DEPs were 40S ribosomal protein S11, type 1 non-specific Table S5A ). At 18 DAA, the three greatest differences in up-regulated DEPs were puroindoline b, Serpin-Z2A, and COP alpha homolog (partial sequence), and the greatest down-regulated DEPs were T-complex protein 1 subunit eta, stromal 70 kDa heat shock-related protein (chloroplastic), and 60S ribosomal protein L22-2 (Supplementary Table S5B ).
Screening of DEPs and qRT-PCR analysis of related genes
We searched the description information about gliadin, avenin-like protein, and glutenin subunits in all DEPs. Differentially expressed gliadin, avenin-like protein, and glutenin are identified in Table 4 . There were 10 up-regulated storage proteins at 7 DAA; these proteins included γ-gliadin, LMW-GS, HMW-GS, and avenin-like protein. At 18 DAA, five up-regulated and two down-regulated storage proteins were identified, some of which also appeared at 7 DAA. The greatest up-regulated storage proteins were three types of HMW-GS with MW 89 173.42, 90 292.64, and 77 371.18. Moreover, γ-gliadin with MW 28 958.43 and LMW-GS with MW 38 441.45 were observed. There were two down-regulated storage proteins in this developmental stage, including γ-gliadin and HMW-GS Dx5.
The relative expression levels of some of these storage protein encoding genes were analyzed using qRT-PCR. Each gene expression level was normalized against an internal control (UniGene cluster Ta54825) and the results are shown in Fig. 10 . Relative expression levels of two DEP encoded genes were not detected (Fig. 10H, J) in both CG7 and NTG7. At 7 DAA, nitrogen treatment significantly increased the relative gene expression level of LMW-GS group 4 type II (MW 38441.45; Fig. 10A ) and γ-gliadin (MW 28 958.43; Fig. 10B ) and decreased the relative gene expression level of HMW-GS PW212 (MW 89 173.42; Fig. 10D ).
At 18 DAA, relative gene expression levels of LMW-GS group 4 type II (MW 38 441.45), γ-gliadin (MW 28 958.43), HMW-GS DX5 (MW 90 292.64), HMW-GS PW212 (MW 89 173.42), and LMW-GS (MW 39 030.10) were all significantly promoted by nitrogen treatment (Fig. 10F-J) . Based on normalized protein geometric ratios obtained from iTRAQ, part of the relative gene expression tendency was consistent with protein expression tendency; for instance, NTG7/CG7 in LMW-GS group 4 type II (MW 38 441.45; Fig. 10A ) and γ-gliadin (MW 28 958.43; Fig. 10B ), and NTG18/CG18 in LMW-GS group 4 type II (MW 38 441.45; Fig. 10A ), γ-gliadin (MW 28 958.43; Fig. 10B ), HMW-GS DX5 (MW 90 292.64; Fig. 10C ), and HMW-GS PW212 (MW 89 173.42; Fig. 10D ). However, other gene-protein pairs showed inconsistent expression tendencies (Fig. 10C-E) . These results indicate that wheat storage protein expression levels in the proteome were not necessarily congruent with expression at the transcriptional level.
Wheat processing quality
In this study, the processing quality of wheat flour was investigated using a gluten washing instrument, farinograph, and mixograph. The results are shown in Table 5 . Dry gluten content, wet gluten content, and gluten index were significantly increased after nitrogen treatment. Similarly, the water absorption, formation time, peak time, peak height, and bandwidth were also significantly increased after nitrogen treatment. These results indicate that nitrogen treatment enhanced the processing quality of wheat flour, which may be the result of the changes in gliadin and glutelin contents associated with nitrogen treatment.
Discussion
Functions of genes related to storage protein biosynthesis
According to Arcalis et al. (2004) and Tosi et al. (2011) , the formation of PBs in wheat endosperm proceeds through two hypothetical pathways: (i) PBs enriching glutenins aggregated and formed within RER, and these PBs were considered to be ER-derived PBs; (ii) PBs enriching gliadins and LMW-GS formed and fused in Golgi vesicles, and these were considered to be vacuolar PBs. According to the formation pathways of PBs described above, and based on the description of DEGs, GO and KEGG pathway analyses, and RNA-Seq data, we present a putative pathway explaining how nitrogen treatment affects the expression level of genes involved in protein biosynthesis (Fig. 11) . This pathway indicates that nitrogen treatment affected the following processes of protein biosynthesis: transcription, mRNA processing and transport, amino acid biosynthesis and metabolism, aminoacyl-tRNA biosynthesis, ribosome biosynthesis and translation, protein export into RER, ubiquitin-mediated proteolysis, protein processing in the ER, ER-derived PB formation, COP II vesicle-mediated protein transport, protein classification and packaging in Golgi, and PSV formation and PB formation. In addition to DEGs involved in protein biosynthesis, GO and KEGG enrichment results from RNA-Seq also suggest that certain DEGs enriched GO and KEGG items closely related to protein biosynthesis. For instance, GO items involved in protein processing, post-translational protein modification, tRNA processing, tRNA methylation, DNA-templated transcription and elongation, protein N-linked glycosylation, protein transport, ER lumen, amino acid binding, and alanine-tRNA ligase activity were significantly enriched. The KEGG items protein processing in ER, N-glycan biosynthesis, RNA transport, and protein export were significantly enriched. Laplante and Sabatini (2012) indicated that nutrients, stress, hormones, and growth factors all affect protein biosynthesis through complex signaling pathways. Regulation of translation initiation is the major mechanism by which cells regulate protein biosynthesis. In this regulation pathway, the eIF4F complex can promote the translational initiation of mRNAs (Sonenberg and Hinnebusch, 2009 ). Activated mTORC1 phosphorylates and activates S6K, phosphorylating TIF1A, eIF4B, and eEF2K, and activated TIF1A can enhance the transcription of ribosomal RNA (Buszczak et al., 2014; Feoktistova et al., 2013) . In this study, we found that the mTOR pathway enriched six genes at 7 DAA and three genes at 18 DAA (Supplementary Table S4E and F). At 18 DAA, the mTOR encoded genes were differentially expressed, and this differential expression may ultimately determine mTOR activity. According to Buszczak et al. (2014) , the regulation of cellular metabolism, including the activity of mTORC, 4E-BP phosphorylation, S6K phosphorylation, 5′ top translation, protein biosynthesis, ribosome biogenesis, and proteasome, remains sensitive to nutrients. Meanwhile, we found that the gene RMR1 was significantly down-regulated after nitrogen treatment at 18 DAA. RMR1 was found in the barley cultivar H. vulgare 'Haruna Nijo' (Matsumoto et al. 2011) , and it may act as a sorting receptor for protein trafficking to the PSV by binding the C-terminal vacuolar sorting determinant of vacuolar-sorted proteins. After nitrogen treatment, the down-regulated expression of RMR1 may be in favor of storage trafficking to the PSV.
With the availability of nutrients, protein biosynthesis, ribosome biogenesis, and proteasome activity are promoted; however, under nutrient deprivation, these metabolic processes are suppressed (Buszczak et al., 2014) . This may offer some insight into whether protein biosynthesis processes are promoted by nitrogen treatment. In addition to the aforementioned genes involved in protein biosynthesis, nitrogen treatment may also affect the expression of some nitrogen assimilation and metabolism genes by providing more amino acids as substrates for mRNA translation. Our speculations are in agreement with those of Lu et al. (2005) , who found that nitrogen fertilizer affected the expression of many nitrogen metabolism genes, such as amino acid transporter, amino 
Proteins differentially expressed under nitrogen treatment
Wheat endosperm storage protein mainly consists of the monomeric gliadin and polymeric glutenins (Zhang et al., 2015) . By using iTRAQ technology, we detected 16 and 12 differentially expressed storage proteins at 7 and 18 DAA after nitrogen treatment, respectively, that contained gliadin and glutenin subunits in wheat caryopsis. At 7 DAA, all the DEPs that contained avenin-like protein, γ-gliadin, LMW-GS, and HMW-GS were up-regulated, indicating that the amount of storage protein was enhanced at this stage after nitrogen treatment. This was consistent with the microstructural photographs (Fig. 8) , which revealed that some small PBs appeared in the endosperm cells of wheat caryopsis after nitrogen treatment. One of the DEPs, avenin-like protein, is a seed endosperm-specific protein, which can be integrated into glutenin by inter-chain disulfide bonds and usually appears between 3 and 22 DAA (Ma et al., 2013) . At 18 DAA, the content of both gliadin and glutenin was significantly higher after nitrogen treatment. This was in line with the microstructural photographs, indicating that more PBs accumulated in the endosperm after nitrogen treatment. Our findings are in agreement with Xiong et al. (2014) , who observed that the size and area of PBs were significantly larger in nitrogen-treated wheat endosperm. Based on the DEPs detected by iTRAQ, we can infer that the storage proteins enhanced by nitrogen treatment were γ-gliadin (MW 28 958.4289 and 32 834.6501), HMW-GS PW212, DX5 and y, LMW-GS group 4 type II, LMW glutenin storage protein (MW 33 905.7194), and gliadin/avenin-like seed protein (Table 4) . These storage proteins may be the main components of PBs. To further understand the relative expression of these DEPs encoding genes, we analyzed the relative expression level of certain genes by using qRT-PCR. Three genes without expression values (no Ct value) were detected at 7 DAA and most other genes were up-regulated at 7 and 18 DAA under nitrogen treatment. Based on these findings, we can conclude that nitrogen treatment up-regulated storage protein genes at both the transcriptional and translational level and eventually increased the storage protein content and PB accumulation in wheat endosperm. Chope et al. (2014) performed a study on the effect of nitrogen fertilizer level (100, 200, and 350 kg/ha) on gene expression and protein accumulation in six wheat cultivars, and demonstrated that high-level nitrogen treatment increased HMW-GS and gliadin content and their relative gene expression levels, but decreased the LMW-GS content and its relative gene expression level compared with low-level nitrogen treatment. A positive correlation was found between the gliadin gene expression level and gliadin content, but no significant correlations were observed between HMW-GS or Fig. 11 . A putative pathway of PB formation processes. The numbers in the figure indicate the processes affected by nitrogen treatment: 1, transcription; 2, mRNA processing and transport; 3, amino acid biosynthesis and metabolism; 4, aminoacyl-tRNA biosynthesis; 5, ribosome biosynthesis and translation; 6, protein export into RER; 7, ubiquitin-mediated proteolysis; 8, Protein processing in the ER; 9, ER-derived PB formation; 10, COP II vesiclemediated protein transport; 11, protein classification and packaging in Golgi; 12, PSV formation; 13, PB formation. (This figure is available in colour at JXB online.)
LMW-GS encoding gene expression and protein content as determined by SDS-PAGE. These results are somewhat in conflict with our study, which may be due to the differences in nitrogen fertilizer level and the type of wheat genes.
Relationship between storage protein content and wheat processing quality
Protein content and composition are important factors affecting the processing quality of wheat flour (Chope et al., 2014) . In this study, we can conclude that nitrogen treatment increased the gliadin, glutenin, and storage protein contents in wheat caryopsis at 48 DAA (mature stage) and also increased the parameters of some processing qualities of wheat flour. Wheat gluten protein comprises gliadin and glutenin that contains inter-chain disufide bonds that form a complex polymeric structure (Tyler et al., 2015) . The gluten washing analysis showed that dry gluten, wet gluten, and the gluten index were significantly higher in the NTG compared with the CG. This was attributed to the higher content of storage protein in the NTG. Similar results have also been reported by Hurkman et al. (2013) . It is generally accepted that glutenins are the major factor affecting dough strength (elasticity) and that gliadin mainly determines dough viscosity and extensibility (Wan et al., 2013) . Compared with LMW-GS, HMW-GS had a greater influence on the formation of the gluten network and dough mixing properties . The mixograph is a recording dough mixer, which can analyze dough strength. In general, peak height, high peak time, and bandwidth are required for good bread-making quality (Gil-Humanes et al., 2012) . High storage protein content is usually associated with high dough processing quality. A farinograph determines the water absorption and other mechanical properties of dough. Salmanowicz et al. (2012) reported that nitrogen treatment increased the wet gluten content and relative grain hardness in some wheat cultivars. In the same study, the high-protein-content wheat cultivar had significantly higher values of water absorption and dough stability than a low-protein-content wheat cultivar (Salmanowicz et al., 2012) . This may help to explain our result that nitrogen treatment increased water absorption and stability time by enhancing storage protein content. Previous studies have demonstrated that the HMW-GS 1Ax1, 1Dx5, or 1Dy10 can also improve properties of dough strength (Barro et al., 2003) . In the present study, we found that the 1DX5 subunit in wheat endosperm was up-regulated at both 7 and 18 DAA after nitrogen treatment (Fig. 10) , and this upregulation may ultimately enhance subunit content in mature caryopsis.
Relationships between transcriptome and proteome analysis
The expression of eukaryotic genes involves transcription, translation, and protein modification and degradation (Jüschke et al., 2013) . Each of these steps is strictly supervised to ensure the stability of the organism (Komili and Silver, 2008) . However, the limitation of quantitative proteomics study has inhibited these steps in post-transcriptional gene regulation. In recent years, various studies have conducted correlation analysis between transcriptomic and proteomic data, but have all reported a low correlation between these two expression sets (de Sousa Abreu et al., 2009; Maier et al., 2009; Vogel and Marcotte, 2012) . Post-transcriptional gene regulation exists in all eukaryotes and has a great influence on protein-complex stoichiometry. Jüschke et al. (2013) suggested that post-transcriptional regulation significantly enhances the co-regulation of protein-complex subunits beyond transcriptional co-regulation. In this study, we found that both non-differentially expressed gene-protein pairs accounted for a large proportion, while both differentially expressed gene-protein pairs accounted for only a small proportion (data not shown). This inconsistent expression profile between transcriptome and proteome may be due to the posttranscriptional regulation mechanism, which can regulate the type and quality of gene expression, selectively expressing certain genetic information. In this study, we have proposed an explanation as to how nitrogen treatment affects storage protein accumulation in wheat endosperm from two expression levels. Our findings will advance the understanding of the mechanisms underlying storage protein accumulation in response to nitrogen treatment. In addition, we found that the percentage of mapped reads in wheat caryopsis at 7 DAA was higher than that at 18 DAA. This may be due to the incompleteness and inadequacy of the hexaploid wheat reference genome. This different mapping ratio was also reported previously (Zou et al. 2015) .
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